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Ion channels facilitate the diffusion of specific ions
across neuronal membranes. If large enough, this move-
ment of charge creates currents that may change the
membrane potential. Biophysical models of membrane
potential assume the trans-membrane currents flow
within an “equivalent electrical circuit” in which ion
channels are represented by resistors arranged in paral-
lel. The functions representing the trans-membrane cur-
rents mediated by channels are typically written using
Ohm’s law. It is possible to describe channel-mediated
currents by taking diffusion into consideration [1], but
such formulations are not widely used in the literature.
Here we present a model of membrane potential in
which channel gating and current density are derived
from first principles of thermodynamics, assuming that
currents are produced by electrodiffusion. These models
display properties that cannot be observed in conduc-
tance-based models, such as rectification of membrane
currents. Guidelines for parameter estimation, and spe-
cific rules to adjust the model against experimental data,
are presented along with examples of parameter regimes
that yield representations of specific electrophysiological
signatures with a biophysically sound baseline. Bifurca-
tion analysis is used to describe transitions between qua-
litatively different behaviors of the model and link them
to functionally relevant properties observable in neurons
of different types. Network extensions are constructed
using realistic synaptic input and local field potential
oscillations to illustrate how networks may display
potentially different responses to afferent input depend-
ing on the intrinsic properties of the participating
neurons. The electrodiffusion formulation presented
here constitutes a theoretical improvement over conduc-
tance-based models that may advance our current
understanding of dynamical behavior in single cells and
networks.
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